In this paper we study the assembly, in vivo and in vitro, of a family of hexameric, heat-labile enterotoxins produced by diarrheagenic bacteria. The toxins, which consist of an A subunit and five B subunits, are assembled by a highly coordinated process that ensures secretion of the holotoxin complex. We show that (i) oxidation of cysteine residues in the B subunits is a prerequisite step for in vivo formation of B-subunit pentamers, (ii) reduction of dissociated B subunits in vitro abolishes their ability to reassemble, (iii) the kinetics of B-pentamer assembly inl vivo can be mimicked under defined conditions in vitro, (iv) A subunits cannot associate with fully assembled B pentamers in vitro, and (v) A subunits cause an 3-fold acceleration in the rate of B-subunit pentamerization in vivo, implying that A subunits play a coordinating role in the pathway of holotoxin assembly. The last finding is likely to be of general significance, since it provides a mechanism for preferentially excluding or favoring certain intermediates in the assembly of multisubunit proteins.
Multisubunit proteins represent one of the most complex levels of structural organization in biological molecules. Not only do the constituent polypeptide chains have to fold (into secondary structures and tertiary domains) but they must also form complementary interfaces that allow stable subunit interactions (for reviews see refs. 1 and 2). These interactions are highly specific and can be between identical subunits (as in lactate dehydrogenase) or between different subunits (as in RNA polymerase or DNA gyrase) (3, 4) . Multisubunit proteins are found in every cellular location, including the cytosol, cell organelles, and cell membranes. Folding and association of proteins is of course fundamental to biology, yet considerable technical constraints in studying this phenomenon in vivo have meant that most investigations have focused on the refolding and reassociation of denaturedrenatured proteins in vitro (1, 2) . It is, however, widely acknowledged that the acquisition of protein tertiary and quaternary structures may be influenced by processes of protein translation, in vivo solvent conditions, and protein compartmentation-all of which are extremely difficult to mimic in vitro. Presently, only a paucity of defined experimental systems are amenable to in vivo analysis, and few of the observations on in vitro refolding and reassociation of proteins have been corroborated by in vivo studies. In this paper we describe studies of the assembly of multimeric bacterial enterotoxins in vivo and in vitro; these studies revealed a close similarity of folding and association events under these two very different conditions. The hexameric, heat-labile enterotoxins are extremely well-characterized with respect to their structure and mode of action on mammalian cells, yet little is known about their assembly in the bacteria that produce them (5) (6) (7) (8) (9) . Cholera toxin (Ctx) is the prototype and best-characterized member of this family of enterotoxins; it consists of an A subunit (CtxA, 28 kDa) that has ADP-ribosyltransferase and NADhydrolase activities and five identical B subunits (CtxB, 12 kDa each) that bind to GM1 ganglioside (5) . Certain diarrheagenic strains of Escherichia coli synthesize an enterotoxin (Etx) that is structurally and functionally similar to Ctx (10) (11) (12) . The individual subunits of both toxins are synthesized as precursors that have amino-terminal hydrophobic leader (signal) sequences that specify transfer of the subunits across the bacterial cytoplasmic membrane (13) (14) (15) . It is presumed that each subunit is exported independently, before the leader sequences are removed and the toxin is assembled (15) . Expression of Ctx or Etx in E. coli results in the export of the toxin into the periplasm of the cell envelope and its accumulation there, whereas the synthesis of either toxin in Vibrio cholerae results in its efficient secretion into the extracellular milieu (7-9, 16, 17) .
Our results reported here show that toxin assembly is a highly coordinated process, with the A subunit playing a direct role in accelerating the rate of B-subunit pentamerization. This observation has clear implications for the assembly pathways ofmultisubunit proteins in general; it shows that one particular subunit can coordinate other subunitsubunit interactions, which suggests a mechanism for preferentially excluding certain intermediates that might not otherwise assemble completely or, as in the case of bacterial enterotoxins, that might be secreted before assembly has been fully achieved.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The strains and plasmids used are shown in Table 1 §To whom correspondence should be addressed.
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in accordance with 18 U.S.C. §1734 solely to indicate this fact. Quantification of Toxin Assembly in Vivo. To quantify the radioactivity in assembled and unassembled B subunits, we took advantage of the stability properties of B-subunit pentamers in NaDodSO4 solutions and separated the different oligomeric forms by NaDodSO4/polyacrylamide gel electrophoresis.
B-subunit pentamers. Identical samples of periplasms, one ofwhich was boiled for 5 min and the other ofwhich was kept at room temperature, were placed in adjacent wells of a NaDodSO4/polyacrylamide gel and then subjected to electrophoresis. Gel slices corresponding to the migration position of the B-subunit pentamer were excised from each lane and the radioactivity in them was determined. The radioactivity (cpm) of the gel slice derived from the boiled sample was subtracted from that of the gel slice from the unheated sample to give the total amount of radioactivity in B-subunit pentamers.
B-subunit monomers. The radioactivity in B-subunit monomers in a periplasmic sample was estimated in a similar way. The cpm in gel slices taken from appropriate positions and from gel lanes containing unheated periplasmic samples of a test strain (i.e., one that expressed EtxB subunits) and a control strain (harboring a similar plasmid lacking EtxB expression) were determined. The difference in cpm between these samples provides an estimate of the amount of radiolabeled B-subunit monomers in the test strain.
Total radiolabeledB subunits. The total quantity of labeled B subunits in a given periplasmic sample was estimated by excising gel slices from lanes containing boiled periplasm from test and control strains. B subunits are converted to monomers upon boiling, irrespective of their previous oligomeric state. Double-labeled B subunits. In the experiment in which the proteins were prelabeled with [3H]methionine before pulselabeling with [3 Simethionine, quantification ofthe amount of 35S-labeled B-subunit pentamers was estimated by a twodimensional gel technique (6) . Unheated periplasmic samples were subjected to electrophoresis and then stained with Coomassie blue to locate the migration position of B-subunit pentamers. Gel slices corresponding to this position were excised, boiled for 5 min in sample buffer, and then placed in wells of another gel and subjected to a second round of electrophoresis. This procedure results in the dissociation of pentamers into monomers that have a much higher electrophoretic mobility than contaminating proteins present in the gel fragment. The resulting B-subunit monomer spot produced on the second-dimension gel was excised and the 35S/3H ratio was estimated. This ratio is directly proportional to the quantity of 35S-labeled B subunit pentamers, since the amount of 3H-labeled pentamer remains constant during the pulse-chase, thereby serving as an internal control for sample loss during the procedure.
Quantification ofradioactivity in gel slices. Gel slices were excised from either dried or wet gels and placed into scintillation vials with 1 ml of 70% (vol/vol) acetic acid. The vials were capped and shaken for 3 days, and then a glass-fiber filter (4 cm2; GF/A or GF/C, from Whatman) was added and the acetic acid was allowed to evaporate. Nonaqueous scintillation fluid (3 ml) was added and the radioactivity in the vials was measured in an LKB Mini-Beta scintillation counter.
Quantification of Toxin Assembly in Vitro. A solution of pure CtxB subunit (1 mg/ml; lot 5; List Biologicals, Campbell, CA) was diluted 3-fold with phosphate-buffered saline (PBS; 0.15 M NaCl/0.01 M sodium phosphate, pH 7.2). One hundred twelve microliters of this solution was mixed with 14 Al of 0.2 M HCI and incubated for 10 min at 25°C, and then 14 ,l of 0.2 M NaOH was added to initiate reassembly of acid-dissociated subunits. At various times, 5-,ul and 10-,ul samples, respectively, were diluted in PBS (400-fold) or mixed with an equal volume ofa0.133-mg/ml solution ofCtxA (to give a 1 A:5 B subunit molar ratio) and diluted 10 min later in PBS (200-fold). The concentration of assembled pentamers (B5) and holotoxin (AB5) was quantified by a GM1-ganglioside enzymelinked immunosorbent assay (GM1 ELISA), which has been described (9, 22) , using monoclonal antibodies against B pentamers (LT-39) and A subunit (CT-17).
NaDodSO4/Polyacrylamide Gel Analysis of in Vitro Reassembled Toxin. A solution of pure EtxB (1 mg/ml in 0.1 M sodium phosphate, pH 7.2) or CtxB (see above) was diluted 3-fold in PBS and mixed with 0-100 mM HCl. After 10 min at 25°C, the samples were neutralized by the addition of an equivalent concentration ofNaOH and immediately or 10 min later were mixed with NaDodSO4-containing sample buffer and analyzed by NaDodSO4/polyacrylamide gel electrophoresis.
The EtxB subunits used in these experiments were purified from the media of cultures of V. cincinnatiensis pMMB68 (T.R.H. and C. Bowskill, unpublished work).
Other Techniques. Electrophoresis and autoradiography were carried out as described (8) .
RESULTS
The pentameric B-subunit components of both Ctx and Etx are stable in the presence of the ionic detergent NaDodSO4 (0.1%), and when analyzed by NaDodSO4/polyacrylamide gel electrophoresis they migrate as discrete oligomeric proteins (Fig. 1) . By using this property, we have investigated the assembly of newly synthesized B subunits in vivo and the reassembly of dissociated subunits in vitro.
Kinetics of B-Subunit Assembly in Vitro. EtxB pentamers (EtxBp) dissociate into monomers (EtxBm) in a pH-dependent fashion (Fig. la, lanes 1-6) . Their (Fig. 3a) . Quantification of radiolabeled EtxBm and EtxBp (lanes 2, 4, 6, 8, and 10) and the total EtxB (lanes 1, 3, 5, 7, and 9) in the samples was achieved by scintillation counting of appropriately excised and treated gel slices (Fig.   3b ). An increase in the amount of radiolabeled EtxBp during the chase and a concomitant decrease in the amount of radiolabeled EtxBm was observed (Fig. 3b) (Fig. lb, lanes 1 and 3) . Similarly, addition of DTT to a culture of E. coli G6(pSHl), 0.25 min after a pulse and chase, inhibited further assembly of radiolabeled EtxBp from
EtxBm but had no effect on that already assembled (Fig. 3c) . Interestingly, the amount of unassembled EtxBm present in the periplasm in the presence of DTT rapidly decreased during the chase, presumably due to degradation. We conclude that the formation of the disulfide bond in the B subunit is a necessary prerequisite step for assembly of B-subunit pentamers in vivo and in vitro.
Role of the A Subunit in Toxin Assembly. The ability of B subunits to assemble into pentamers in the absence of A subunits, both in vivo and in vitro, suggests that the A subunit has no role in B-subunit pentamerization. However, two observations contradict this view, revealing a subtle but significant role for the A subunit in toxin assembly. (i)
Mixtures of purified CtxBp and CtxA, at molar ratios of 5 B subunits to 1 A subunit, do not spontaneously associate in vitro to form an assembled holotoxin (AB5). Instead, it was found that CtxA would only associate with B subunits that were in the process of assembling (Fig. 2) . We therefore conclude that the pathway of holotoxin assembly involves association of the A subunit, not with the fully assembled B-subunit pentamer, but with a B-subunit assembly intermediate. (ii) The A subunit was found to influence the kinetics of B-subunit assembly in vivo. This was investigated by pulse-labeling E. coli G6 harboring pWD600 or pWD615 (a mutated form of pWD600 with a 4-base-pair insertion in the 5 values serve as an internal control for losses incurred during the experimental procedures. When these ratios were plotted against time it was found that the formation of EtxBp in vivo was -3 times more rapid in the strain expressing EtxA than in the strain that did not (Fig. 4) . We conclude that the A subunit is able to accelerate the rate of B-subunit pentamerization, probably by stabilizing an assembly intermediate.
DISCUSSION
The hexameric enterotoxins synthesized by diarrheagenic bacteria provide a good model not only for understanding protein assembly but also for understanding how protein assembly and secretion are coordinated. The toxin subunits are synthesized separately as precursor polypeptides that are translocated across bacterial cytoplasmic membranes prior to assembly (7, 8, 17, 23, 24) . Recent conceptual developments in understanding protein export (25) (26) (27) 35S/3H ratios in EtxBp from periplasmic fractions of E. coli G6(pWD600) (A) and E. coli G6(pWD615) (e).
7112
Biochemistry: Hardy et al.
In folded, nonnative state and fold into mature conformations once export has been completed. Folding of enterotoxin subunits into "structured" monomers capable of assembly has not been investigated in any detail. Nevertheless, one important step in B-subunit folding presumably occurs when the cysteine residues Cys-9 and Cys-86 are brought together to form a disulfide bond. What is not clear is whether the folding pathway that aligns the cysteine residues is sufficient to allow subsequent subunit assembly with or without disulfide formation. To test this, DTT was added to E. coli G6(pSH1) 0.25 min after the culture had been pulse-labeled with [35S]methionine and chased. Under such conditions, DTT inhibited further assembly of B-subunit pentamers but had no effect on pentamers already assembled. DTT also inhibited reassembly of acid-denatured B subunits in vitro.$ This indicates that cystine formation is required to generate and stabilize correctly structured B monomers capable of assembly.
In addition to polypeptide folding, a most intriguing facet of protein assembly is the pathway of subunit-subunit interactions. Synthesis of B subunits in bacterial strains unable to express A subunits results in the assembly of B-subunit pentamers ( Fig. 2; cf. ref. 7) . We previously (7) interpreted this to mean that the pathway of holotoxin assembly involved formation of B pentamers followed by association with an A subunit to yield the native holotoxin complex. SB --B5 + A -AB [1] Such a scheme presented a potential dilemma in the coordination of toxin assembly and secretion. In V. cholerae, B pentamers are secreted from the periplasm into the extracellular milieu (7) (8) (9) as efficiently as assembled holotoxin. We therefore questioned what mechanisms might favor formation and secretion of the fully assembled holotoxin complex.
In Figs. 2 and 4 we present evidence for a direct association of A subunits with an intermediate in B-subunit assembly. Indeed, A-subunit interaction with fully assembled B pentamers appears to be precluded. This suggests the assembly pathway nB-* Bn + A -ABn + (5 -n)B -*AB5 [2] where n (an integer from 1 to 4) has yet to be defined.
Significantly, association ofA and the putative Bn accelerates the rate of B-subunit pentamerization in vivo. This means that the pool of assembled molecules ready for efflux from the periplasm will consist almost exclusively of fully assembled holotoxin rather than B pentamers.
The carboxyl domain of the B subunit has an important role in stabilizing the association with A subunits (21 Whatever the precise mechanism, our data reveal that the A subunit's subtle effect on the rate of B-subunit pentamerization has a considerable impact on the coordination of toxin assembly and secretion. We suggest that similar kinetic control mechanisms are likely to operate in the coordination of assembly of other secreted oligomeric and multimeric proteins, such as pertussis toxin from Bordatella pertussis (29) , and in the formation of complex surface adhesins such as type-1 and P fimbriae (30) (31) (32) .
